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Description 



METHOD OF FORMING A HIGHLY 
THERMALLY CONDUCTIVE AND HIGH 
STRENGTH ARTICLE 

Cross Reference to Related Applications 

[0001] This application is a continuation of U.S. Serial No. 
09/903,347, filed on July 11, 2001. 
Background of Invention 

[0002] The present invention relates generally to an improved 
composite material. More specifically, the present inven- 
tion relates to a highly thermally conductive and very high 
strength composite material that is net-shape moldable 
and easily moldable or castable by methods such as injec- 
tion molding. 

[0003] | n the heat sink industries, it has been well known to em- 
ploy metallic materials for thermal conductivity applica- 
tions, such as heat dissipation for cooling semiconductor 
device packages. For these applications, such as thermally 



conductive heat sinks, the metallic material typically is 
tooled or machined from bulk metals into the desired 
configuration. However, such metallic conductive articles 
are typically very heavy, costly to machine and are sus- 
ceptible to corrosion. Further, the geometries of machined 
metallic heat dissipating articles are very limited to the in- 
herent limitations associated with the machining or tool- 
ing process. As a result, the requirement of use of metallic 
materials which are machined into the desired form, place 
severe limitations on heat sink design particular when it is 
known that certain geometries, simply by virtue of their 
design, would realize better efficiency but are not attain- 
able due to the limitations in machining metallic articles. 
In addition, members that are subject to high stress suffer 
from the same disadvantages in that they are also difficult 
to form into the desired configuration while maintaining 
the desired high strength. 
[0004] it j S widely known in the prior art that improving the over- 
all geometry of a heat dissipating article can greatly en- 
hance the overall performance of the article even if the 
material is the same. Similarly, a well designed configura- 
tion of an member can greatly improve the strength of the 
member and reduce its stress and tendency to fracture. 



Therefore, the need for improved article geometries ne- 
cessitated an alternative to the machining of bulk metallic 
materials to provide thermal and electrical transfer. To 
meet this need, attempts have been made in the prior art 
to provide molded compositions that include conductive 
filler and high strength material therein to provide the 
necessary thermal conductivity and improve structural in- 
tegrity. The ability to mold a conductive composite en- 
ables the design of more complex part geometries to re- 
alize improved thermal performance and superior struc- 
tural integrity of the part. 

[0005] p r jor art compositions are inadequate to address the 

needs of high thermal conductivity and high structural in- 
tegrity in the same composition. Typically, a composition 
must sacrifice structural integrity in favor of higher ther- 
mal conductivity or sacrifice thermal conductivity in favor 
of structural integrity. However, many applications require 
that a component have both the characteristics of high 
thermal conductivity and high structural integrity. 

[0006] The attempts in the prior art included the employment of 
a polymer base matrix loaded with a granular material, 
such as boron nitride grains. Also, attempts have been 
made to provide a polymer base matrix loaded with flake- 



like filler material. These fillers improve the thermal con- 
ductivity of a molded part. These attempts are, indeed, 
moldable into complex geometries but still do not ap- 
proach the desired performance levels found in metallic 
machined parts. In addition, known conductive plastic 
materials are undesirable because they are typically very 
expensive to manufacture because they employ very ex- 
pensive filler materials. Still further, these conductive 
composite materials must be molded with extreme preci- 
sion due to concerns of filler alignment during the mold- 
ing process. Even with precision molding and design, in- 
herent problems of fluid turbulence, collisions with the 
mold due to complex product geometries make it impos- 
sible to position the filler ideally thus causing the compo- 
sition to perform far less than desirable. Even assuming 
the proper filler is selected and aligned properly and ther- 
mal conductivity is improved, it is common for such a ma- 
terial to have poor structural integrity due to the materials 
used. For example, high modulus PITCH-based carbon 
fiber is typically used as a filler to improve thermal con- 
ductivity but such a filler is very brittle and is not typically 
a suitable filler for improving the structural integrity of 
the composition. 



[0007] Moreover, the entire matrix of the composition must be 

satisfactory because heat transfer is a bulk property rather 
than a direct path property such as the transfer of elec- 
tricity. Heat is transferred in bulk where the entire volume 
of the body is employed for the transfer while a direct 
path is needed to conduct electricity. Therefore, even if a 
highly conductive narrow conduit is provided through a 
much lower conductive body, the heat transfer would not 
be as good as a body which is consistently marginally 
conductive throughout the entire body. Therefore, consis- 
tency of the thermal conductivity of the entire matrix of 
the composite body is essential for overall high thermal 
conductivity. Similarly, a consistently strong matrix of 
composite material is highly desirable to improve the 
overall structural integrity of the finished molded com- 
posite part. 

[0008] | n V j ew of the foregoing, there is a demand for a compos- 
ite material that is highly thermally conductive and of high 
structural integrity. In addition, there is a demand for a 
composite material that can be molded or cast into com- 
plex product geometries to enhance thermal conductivity 
and structural integrity. There is also a demand for such a 
moldable article that exhibits thermal conductivity and 



structural integrity as close as possible to or in excess of 
purely metallic conductive materials while being 
lightweight and relatively low in cost to manufacture. 
Summary of Invention 

[0009] The present invention preserves the advantages of prior 
art thermally conductive and structurally enhanced plastic 
compositions. In addition, it provides new advantages not 
found in currently available compositions and overcomes 
many disadvantages of such currently available composi- 
tions. 

[0010] The invention is generally directed to the novel and 

unique highly thermally conductive plastic composite ma- 
terial with particular application in heat sink applications 
where heat must be moved from one region to another to 
avoid device failure. According the application at hand, 
the highly thermally conductive part made from the com- 
position of the present invention may also be required to 
exhibit high structural integrity as well. For example, an 
outer case for a mobile phone requires high structural in- 
tegrity to prevent damage to the delicate electrical com- 
ponent parts housed therein. However, the outer case may 
also be needed to help dissipate heat generated by the 
same component parts. 



[0011] The composite material of the present invention enables a 
highly thermally and high structural integrity composite 
material to be manufactured at relatively low cost to meet 
both needs at the same time in a single composite mate- 
rial. The conductive molding composition of the present 
invention has a thermal conductivity of approximately 4 
W/m°K or more and a tensile strength of at least approxi- 
mately 15 ksi and a flexural strength of at least approxi- 
mately 20 ksi and a flexural modulus of at least approxi- 
mately 2 Msi. 

[0012] The conductive composition of the present invention in- 
cludes a polymer base matrix of, by volume, between 30 
and 70 percent. The base matrix is preferably polycarbon- 
ate material but may also be liquid crystal polymer mate- 
rial. A first thermally conductive filler of high modulus 
PITCH-based carbon material, by volume, between 15 and 
47 percent is provided in the composition that has a rela- 
tively high aspect ratio of at least 10:1. A second filler of 
PAN-based carbon filler is also provided to greatly im- 
prove the strength of the composition and is provided, by 
volume, between 10 and 35 percent and also has a high 
aspect ratio of at least 10:1. The total fiber content of the 
composition is preferably in the range of 30 to 70 percent 



by volume. The ratio of the high modulus PITCH-based 
carbon fiber to the PAN-based carbon fiber is preferably 
in the range of about 1:1 to 2:1. Optionally, the mixture 
also includes a third filler to improve the thermal conduc- 
tivity of the composition which is provided, by volume, 
between 1 and 10 percent that has a relatively low aspect 
ratio of 5:1 or less. 

[0013] During the molding process of the composition of the 
present invention, the mixture is introduced into a mold 
cavity and flows into the various part geometries. The 
high aspect ratio first filler and high aspect ratio second 
filler generally align with the flow of the mixture in the 
mold. The third filler, of a low aspect ratio, may be op- 
tionally added in the mixture to fill the voids between the 
first and second high aspect ratio fillers in the mixture. As 
a result, the number of interfaces and base matrix thick- 
ness between filler members is greatly reduced thus re- 
sulting in thermal conductivity and performance superior 
to that found in prior art conductive composite materials 
while still providing a high strength molding composition. 

[0014] it is therefore an object of the present invention to pro- 
vide a highly thermally conductive composite material that 
also has high structural integrity. 



[0015] ^ is an object of the present invention to provide a highly 
thermally conductive composite material of high structural 
integrity that is moldable, such as by injection molding. 

[0016] it is a further object of the present invention to provide a 
low cost conductive composite material. 

[0017] Another object of the present invention is to provide a 
conductive composite material that enables the molding 
of complex part geometries to enhance thermal conduc- 
tivity and structural integrity. 

[0018] it is a further object of the present invention to provide a 
highly thermally conductive composite material of high 
structural integrity that is significantly lighter in weight 
than metallic materials. 

[0019] it is yet a further object of the present invention to pro- 
vide a highly thermally conductive composite material of 
high structural integrity that has a thermal and strength 
close to pure or composite metallic materials. 
Brief Description of Drawings 

[0020] The novel features which are characteristic of the present 
invention are set forth in the appended claims. However, 
the invention's preferred embodiments, together with fur- 
ther objects and attendant advantages, will be best un- 
derstood by reference to the following detailed descrip- 



tion taken in connection with the accompanying drawings 
in which: 

[0021] pig. 1 is a cross-sectional view of a prior art conductive 
composite material employing a high modulus PITCH- 
based carbon material in a base matrix; 

[0022] pig. 2 is a cross-sectional view of a prior art conductive 

composite material employing a PAN-based carbon mate- 
rial in a base matrix; 

[0023] Fig. 3 is a cross-sectional view of the thermally conductive 
and high strength composite material of the present in- 
vention employing a high modulus PITCH-based carbon 
material and PAN-based carbon material in a polymer 
base matrix; 

[0024] Fig. 4 is a cross-sectional view of the thermally conductive 
and high strength composite material of the present in- 
vention employing a high modulus PITCH-based carbon 
material, PAN-based carbon material and low aspect ratio 
filler in a polymer base matrix; 

[0025] Fig. 5A is a top view of a high aspect ratio filler member 
of a flake-like configuration; 

[0026] Fig. 5B is a cross-sectional view through the line 5B-5B of 
Fig. 5A; 

[0027] Fig. 6A is a top view of a high aspect ratio filler member 



of a rice-like configuration 
[0028] pig. 6B is a cross-sectional view through the line 6B-6B of 
Fig. 6A; 

[0029] pig. 7 A is a top view of a high aspect ratio filler member 

of a strand-like configuration; 
[0030] Fig. 7B is a cross-sectional view through the line 7B-7B of 

Fig. 7A; 

[0031] Fig. 8 is a top view of a high aspect ratio filler member of 

a whisker-like configuration; 
[0032] Fig. 9 is a top view of a low aspect ratio spheroid filler 

member; and 

[0033] Fig. 10 is a top view of a low aspect ratio grain filler mem- 
ber. 

Detailed Description 

[0034] Referring first to Figs. 1-2, various prior art composite 
materials 10 and 100, which are readily commercially 
available, are shown. In particular, Fig. 1, shows a base 
matrix 12 of, for example, polycarbonate material. Loaded 
within the polymer base 12 are high modulus PITCH- 
based carbon fibers 16 loaded therein. It is well know that 
high modulus PITCH-based carbon fiber is highly ther- 
mally conductive, capable of thermal conductivities on the 
order of 800 W/m°K. As a result, the prior art composition 



10 shown in Fig. 4 is highly thermally conductive while 
still being injection moldable into a net shape. However, 
high modulus PITCH-based carbon fiber is extremely brit- 
tle which results in a composition that is very weak is del- 
icate making it unsuitable for high strength applications. 
The prior art composition 10 is shown in enlarged detail 
for clarity and ease of illustration. 

[0035] Also, Fig. 2 shows another prior art composition 100 hav- 
ing a base matrix 102 of, for example, polycarbonate ma- 
terial. Loaded within the polymer base 102 are PAN-based 
carbon fibers 104 loaded therein. It is well know that 
PAN-based carbon fiber is very strong and suitable for 
high strength applications and exhibits a tensile strength 
over 30 ksi but is known to exhibit very low thermal con- 
ductivities, often well below 10 W/m°K. As a result, the 
prior art composition 100 shown in Fig. 2 is itself very 
strong and suitable for high strength applications but ex- 
hibits and overall thermally conductivity which is very low, 
such as in the range of about 1 W/m°K. Therefore, the 
prior art composition 100 is not suitable for heat transfer 
applications. The prior art composition 100 is shown in 
enlarged detail for clarity and ease of illustration. 

[0036] Turning now to Fig. 3, the inventive composition 200 of 



the present invention is shown. In accordance with the 
present invention, the loading of thermally conductive 
filler and high strength filler in a polymer base matrix 
renders the material thermally conductive and high in 
strength while permitting the material to be net-shape 
moldable. 

[0037] Specifically, the composition 200 of the present invention 
includes a base matrix 202 of a moldable polymer mate- 
rial, such as polycarbonate or liquid crystal polymer. Poly- 
carbonate is a preferred base matrix material. The base 
matrix is filled with highly thermally conductive, high as- 
pect ratio high modulus PITCH-based carbon fiber 204 as 
well as high strength, high aspect ratio PAN-based carbon 
fiber 206. It is preferred that the composition 200 of the 
present invention have a polymer base matrix of, by vol- 
ume, between 30 and 70 percent. The base matrix is 
preferably polycarbonate material but may also be liquid 
crystal polymer material. A first thermally conductive filler 
of high modulus PITCH-based carbon material, by volume, 
between 15 and 47 percent is provided in the composition 
that has a relatively high aspect ratio of at least about 
10:1. A second filler of PAN-based carbon filler is also 
provided to greatly improve the strength of the composi- 



tion and is provided, by volume, between 10 and 35 per- 
cent and also has a high aspect ratio of at least about 
10:1. The total fiber content of the composition is prefer- 
ably in the range of 30 to 70 percent by volume. The ratio 
of the high modulus PITCH-based carbon fiber to the 
PAN-based carbon fiber is preferably in the range of 
about 1:1 to 2:1. Optionally, the mixture also includes a 
third filler to improve the thermal conductivity of the 
composition which is provided, by volume, between 1 and 
10 percent that has a relatively low aspect ratio of about 
5:1 or less. The carbon fibers preferably have an aspect 
ratio exceeding about 50:1. With the foregoing disclosed 
ranges, high volume loading and proper wet-out can be 
achieved. 

[0038] Below is an example of the preferred embodiment of the 

present invention. 
[0039] EXAMPLE 

[0040] a base matrix of polycarbonate material is provided as 50 
percent (by volume) of the composition mixture. High as- 
pect ratio high modulus PITCH-based carbon flakes, with 
an aspect ratio of approximately 50:1 and independent 
thermal conductivity of approximately 800 W/m°K are 
provided as approximately 30 percent (by volume) of the 



composition mixture. High aspect ratio high strength 
PAN-based carbon flakes, with an aspect ratio of approxi- 
mately 50:1 are provided as approximately 20 percent (by 
volume) of the composition mixture. The composition has 
a thermal conductivity of approximately 4 W/m°K. Also, 
the composition exhibits a tensile strength of approxi- 
mately 22.5 ksi, a flexural strength of approximately 35 
ksi and a flexural modulus of approximately 4.5 Msi. 
The following chart compares the composition 200 to the 
prior art compositions 10 and 100 of Fig. 1 and Fig. 2, re- 
spectively. 
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[0043] when employed as a thermal conductor, the composition 
200 must thermally transfer heat from, for example, side 
X to side Y of the material. During this transfer, heat must 
travel from heat conductive filler member to the adjacent 



heat conductive filler member to travel the path from X to 
Y. Since the high modulus PITCH-based carbon fibers 204 
are much more thermally conductive than the PAN-based 
carbon fibers 206, the majority of the thermal transfer will 
occur through the high modulus PITCH-based carbon 
fibers. 

[0044] | t j S known in the art that having too many interfaces and 
too much polymer between the two points of travel of 
heat will have a deleterious effect on the overall thermal 
conductivity and structural integrity of the molded part. In 
an ideal composition, high aspect ratio filler aligns per- 
fectly within the composition to reduce the number of in- 
terfaces heat and electricity must cross and the volume of 
base matrix the heat must travel through. In this ideal 
composition, the number of interfaces encountered, when 
going from point X to Y, are significantly reduced. 

[0045] However, the ideal filled molded composition is virtually 
impossible to achieve in the field. This is primary due to 
geometry of the part to be molded. As stated earlier, one 
of the primary reasons for employing a thermally and high 
strength conductive plastic composition is that it is mold- 
able into more complex geometries to achieve better heat 
dissipation and electrical transmission. Therefore, intri- 



cate part geometries are typically encountered when 
molding conductive polymer materials. 

[0046] with these intricate geometries, turbulence of the flow of 
the filler loaded matrix is common resulting in collisions 
of the filler material and non-uniform alignment. While 
parallel alignment of the high aspect ratio filler is obvi- 
ously preferred, it cannot be attained. Further, the turbu- 
lence of flow and collisions with edges of the mold often 
breaks the high aspect ratio filler particularly when it has 
an aspect ratio larger than 20:1 and breakage of the high 
aspect ratio filler 16 will cause the conductivity of the 
composition to degrade as well. 

[0047] Heat must cross many interfaces between several filler 

members as well as the non-conductive polymer residing 
therebetween. The more interfaces that heat must cross 
and the more polymer the heat must pass through, the 
more degraded the thermal conductivity will be. Further, 
too much loading of filler material would prevent the base 
polymer from wetting out resulting in undesirable small 
air pockets in the finished molded product. Similarly, the 
structural integrity is enhanced through the reduction of 
voids within the base matrix to provide a more consistent 
molded product resulting in a stronger composition suit- 



able for high strength applications. 
[0048] Turning now to Fig. 4, the alternative embodiment 300 of 
the composition of the present invention addresses the 
aforementioned problems with the presence of voids in 
the molding composition by the addition of a third filler 
material. Composition 300 includes a base matrix 302 
which is preferably polycarbonate material buy may be 
liquid crystal polymer material. Loaded into the base ma- 
trix 302 are high modulus PITCH-based high aspect ratio 
carbon fiber filler 304 and PAN-based high aspect ratio 
carbon fiber filler 306. This embodiment 300 of present 
invention further employs low aspect ratio highly ther- 
mally conductive filler material 308. The use of the low 
aspect ratio filler 308 address the problem with imperfect 
parallel alignment of the high aspect ratio fillers 304 and 
306 within the composition 300. The low aspect filler 308 
to fills the voids naturally left between adjacent high as- 
pect ratio fillers 304 and 306 due to turbulence during 
molding and complex mold geometries. As a result of the 
employment of both low aspect ratio filler 308 and high 
aspect ratio fillers 304 and 306 within the same composi- 
tion 300, the overall number of transitions surfaces can 
be greatly reduced while replacing the voids with low as- 



pect ratio filler 308 which were previously filled with non- 
conductive polymer 302. 

[0049] The low aspect ratio filler 308 used in the alternative em- 
bodiment of Fig. 4 typically has a length to width ratio 
less than about 5:1. Such low aspect ratio filler 308 fills 
the voids as described above to improve the overall ther- 
mal conductivity of the composition while still providing a 
very high strength moldable composition 300. For exam- 
ple, the mixture may include, by volume, 1-10 percent 
low aspect ratio filler 308 in the composition 300. The low 
aspect ratio filler 308 is preferably a metallic material or 
boron nitride which has an independent thermal conduc- 
tivity of on the order of approximately 400 W/m°K. 

[0050] jhe present invention, as shown in Figs. 3 and 4, prefer- 
ably includes a polycarbonate material as the base matri- 
ces 202 and 302. Alternatively, the base matrices may be 
liquid crystal polymer. Liquid crystal polymer may be pre- 
ferred in certain circumstances due to its highly crystalline 
nature and its natural tendency to align the filler loaded 
therein. Various other types of polymers can be employed. 
Further, the base matrix may be of metallic material if die 
casting of the conductive body is required for the applica- 
tion. For example, the base matrix may be copper, or 



other metals, to enhance electrical conductivity. 
[0051] | n the preferred embodiment of Fig. 3 and the alternative 
embodiment of Fig. 4, the high aspect ratio fillers 204, 
206 and 304, 306 are preferably in a fiber configuration 
having a length to width aspect ratio of at least 50:1. Figs. 
5-8 illustrate various different configurations in which the 
high aspect ratio fillers 204, 206 and 304, 306 may be 
employed and still be within the scope of the present in- 
vention. 

[0052] As shown in Figs. 5A and 5B, high aspect ratio fillers 204, 
206 and 304, 306 is may be of a flake-like or plate-like 
configuration 122 with a length L and thickness T. Figs. 
6A and 6B illustrate another configuration which is shown 
to be in a rice-like configuration 124 with length L and 
thickness T. Figs. 7 A and 7B shown a strand-like configu- 
ration 126 with a length L and thickness T. Fig. 8 shows a 
whisker configuration 128 with length L and thickness T. 
For example, it is preferred that the high aspect ratio 
fillers 204, 304 be high modulus PITCH-based carbon 
flakes that are 2/1000 to 4/1000 of an inch thick while 
being 40/1000 of an inch long to realize a minimum as- 
pect ratio of approximately 10:1. The PAN-based filler 
206, 306 is of a similar configuration. The aspect ratio for 



all high aspect ratio fillers 204, 206 and 304, 306 may be 
preferably up to about 50:1. While such dimensions are 
preferred, other sizes of high aspect ratio filler may be 
employed depending on the application at hand. Alterna- 
tively, carbon fiber that is 200 microns in diameter may 
also be employed. 
[0053] | n eac h of these configurations shown in Figs. 5-8, which 
are suitable for employment in the present invention, the 
aspect ratio of length L to thickness T is at least about 
10:1. Further, the material employed for the high aspect 
ratio fillers 204, 206 and 304, 306 may be aluminum, 
alumina, copper, magnesium, brass and carbon. However, 
high modulus PITCH-based carbon fiber is preferred for 
the fillers 204 and 304 while PAN-based carbon fiber is 
preferred for the fillers 206 and 306. Moreover, in an ap- 
plication requiring mostly high thermal transfer proper- 
ties, the particular high aspect ratio fillers may be specifi- 
cally selected to enhance thermal conductivity with no 
concern as to the affect on structural integrity. Similarly, 
in an application requiring only more high strength prop- 
erties, the fillers may be selected with less regard to the 
thermal conductivity of the filler. Of course, the fillers are 
preferably selected that are both highly thermally conduc- 



tive and of high strength to provide a composition that is 
both highly thermally conductive and of high structural 
integrity. 

[0054] | n pig. 4, a low aspect ratio filler 308 is employed to fill 

voids within the composition 300. Figs. 9 and 10 illustrate 
two examples of suitable low aspect ratio configurations 
for filler 308. Fig. 9 shows a substantially spheroid filler 
configuration 130 where the diameter of the member is D. 
As a result, the aspect of this filler configuration is ap- 
proximately 1:1. In addition, Fig. 10 illustrates a grain- 
like or granular filler configuration 132 to serve as the low 
aspect ratio filler 308. This granular configuration 132 is 
somewhat random in shape and may have height H to 
width W ratio of 2:1, or the like. The low aspect ratio filler 
308, in accordance with the present invention, is of a ratio 
of about 5:1 or less. Further, the material employed for 
the low aspect ratio filler 308 may be aluminum, alumina, 
copper, magnesium, brass and carbon. The low aspect ra- 
tio filler is preferably approximately 10/1000 of an inch in 
diameter or along its width but may be of different sizes 
depending on the application at hand. As with the high 
aspect ratio filler, the low aspect ratio filler may be se- 
lected to enhance thermal or the structural integrity of the 



composition 300. Further, the low aspect ratio material 
308 may be selected that has both thermal and high 
strength properties depending on the application. 

[0055] | n V j ew 0 f the foregoing, a superior moldable highly ther- 
mally and high strength composite material can be real- 
ized. The composition of the present invention, greatly 
improves over prior art attempts to provide such a mold- 
able conductive material to enable the manufacture of 
net-shape moldable articles. In particular, the present in- 
vention, provides a highly thermally conductive composi- 
tion that is vastly improved over known compositions be- 
cause it is also of high structural integrity and permits the 
molding of complex part geometries to achieve more effi- 
cient heat sink and high strength devices. 

[0056] it would be appreciated by those skilled in the art that 

various changes and modifications can be made to the il- 
lustrated embodiments without departing from the spirit 
of the present invention. All such modifications and 
changes are intended to be covered by the appended 
claims. 



